It is shown that complications in currently used optical measurements for wetting and flow resistance over edges can be circumvented by surface tension force measurements. These forces are measured by employing a modified Wilhelmy plate testing technique in which a plate with rectangular holes is immersed. The forces measured during immersion and emersion are subdivided into mass, buoyancy, and surface tension related parts, where the flow resistance when the meniscus passes horizontal faces and edges of the plate receives particular attention. Combining this experimental method with wetting theory, we show that we can predict and measure the full force curve for meniscus shape transitions over edge geometries under quasi-static conditions. Moreover, wetting effects directly linked to surface defects can be detected qualitatively. We also point to the speed-dependent rupture of metastable films formed during emersion. The measurement method designed is most relevant in cases where optical methods cannot be used.
Introduction
Wetting of surfaces in liquids has since long been recognized as being important in many technological applications. A good example is provided by microfluidic devices. 1 If both liquid and gas are pumped through such a device, the gas compressibility makes the pumping appearing pressure driven, even when the pump is a volume displacer. Because, the Laplace pressure difference at the gas/liquid contact scales with the inverse of the channel dimension, this pressure may jeopardize the intended flow control when scaling down channel dimensions like in microfluidics. This has spurred on many investigations of wetting at several types of surface discontinuity, transitions in roughness or chemical surface homogeneity and transitions in material and geometry. 2 In this article, we will focus on the wetting resistance at geometrical discontinuities, more specifically at edges.
The current state of the art in determining liquid spreading resistance for sharp edges can be divided into experimental and theoretical aspects. Recently, some theoretical and thermodynamic studies on the subject have been reported. [3] [4] [5] These studies focus on the energy balance to explain stability and instability of liquid boundaries at edges. As the theoretical framework and thermodynamic model involved are quite complex, either a 2D approach or an axisymmetric 3D approach is often used to decrease the complexity to a manageable level. In 1977, Hue and Mason described the wetting by a liquid advancing from the center of a circular horizontal surface toward and over its sharp edge using an optical setup. 6 Since then, refinements in optical systems and improvements in surface production methods were reported [7] [8] [9] that allow more precise measurements than before, on different types of surfaces.
Optically measuring the liquid shape and subsequently calculating the force needed to spread over an edge is a complex procedure for nonperfect surfaces and geometries. Any imperfection in the surface or geometry translates into a change in liquid shape, and the calculation of the spreading force due to these imperfections is not trivial for a 3D configuration. The current state of the art still needs axisymmetric liquid shapes to be able to calculate spreading forces, and imperfections typically do not obey this boundary condition. This has prevented the use of optical techniques to liquid spreading resistance at an edge created with standard manufacturing technologies.
In this article, we approach this problem by measuring the forces related to immersion and emersion directly for a vertical plate fitted with rectangular holes; we interpret these force results by theoretically analyzing the shape and position of a meniscus at vertical and horizontal faces and at plate and hole edges, from which force vs. immersion depth curves can be predicted. Experimental data for different fluids and plate materials show the validity of the theoretical framework and measurement method. A great deal of attention is paid to the effect of surface imperfections on the measurement results, showing the added value of this method for characterizing surfaces with defects.
Theory

Wetting of the side faces of a vertical plate
Definitions. For describing the forces involved when a meniscus passes a hole in a plate as a model of a discontinuity in a microchannel, we start with establishing the shape of a meniscus and the forces involved when a liquid wets part of a side face of a vertically suspended plate. Thereafter this result is used to assess the force involved when a meniscus passes an edge at the top or bottom face of a vertical plate. Finally, that result is applied to describe the force required to let meniscus pass a hole in a plate.
The extent of wetting of a solid surface by a liquid in a gas environment is determined by the minimum in Gibbs energy of the system, which results in an equilibrium contact angle h across the liquid phase between the solid/liquid (SL) and liquid/ gas (LG) interfaces as they emanate from the contact line. We will use the terms "wetting" and "nonwetting" surface for the cases of h < 908 and h > 908, respectively. The relationship between the contact angle and the interfacial energies involved is expressed by Young's equation
where c SV , c SL , and c are the Gibbs interfacial energies between solid and gas, solid and liquid, and liquid and vapor, respectively, 10 and where the last quantity is addressed as surface tension. To satisfy the thermodynamic equilibrium requirement, the gas phase has to be saturated with vapor. A mechanical measurement of the surface tension is often carried out at ambient conditions, so at unsaturated vapor conditions. Near a contact line, however, the evaporation flux is orders of magnitude higher than on the bulk surface due to the local curvature of the fluid.
11 If the vapor above the liquid is essentially stationary, the local conditions can be close to saturation. The change in contact angle values for water and organic liquids at high wetting speeds has been reviewed by Bonn 12 and the specific deviations due to unsaturated conditions for molten metals have been reviewed by Alchagirov. 13 We will restrain our discussion to wetting speeds lower than 0.1 mm/s with water and organic liquids, for which we assume saturated vapor conditions.
Meniscus Shape at a Side Face of a Partially Immersed Vertical Plate. We will first discuss the meniscus shape of a simple, vertical plate like employed in the Wilhelmy method, 14 in which a thin, rectangular plate with height h, width w, thickness t, volume V P , mass m, and density q P is immersed to some extent in a liquid with density q L , to determine the surface tension of a liquid. Traditionally, the measurement is based on the force needed to pull the plate out of the liquid. Our "modified Wilhelmy method" is an extension of a method that was introduced later 15 and is still widely used, according to which method the plate is first immersed to some extent and then pulled back until the lower edge of the plate comes flush with the liquid surface; at that moment the force is measured and the surface tension is derived from the value obtained. Variations of that method are measuring the force continuously 14 or moving the partly-immersed plate up and down over some distance 16 ; both methods yield additional information about advancing and receding angles.
All variants of the Wilhelmy method, including ours, are based on the following principle. When a plate is suspended from a balance and is immersed over some distance d, which is defined as the difference between the vertical positions of the base face of the plate and of the surface of the liquid far away from the plate, the downward directed force that the plate exerts on the balance is given by
where g is the gravitational acceleration. The first term on the right hand side (rhs) is the force due to the mass of the plate, which is typically eliminated by tarring the balance with a nonimmersed plate. The second term is the buoyancy force which originates from the difference in hydrostatic pressure between the liquid surface and the bottom of the plate. The third term is the surface tension force, which is proportional to the length of the horizontal projection of the contact line (the boundary between the liquid/solid and the liquid/gas interfaces). The contact line is lowered at the vertical edges ("arching"), the magnitude of which was approximated by Hood 17 and numerically calculated by Scott et al. 18 for a 908 edge. A solution for a 1808 edge (infinitely thin plate) seems not to be available 19 but can be expected to have even more pronounced arching. The plates employed by us, with thicknesses between 0.5 and 1.1 mm, can be expected to have an arching between those of the 908 and the 1808 cases. As already explained by Laplace using pressure arguments, 14 this arching does not lead to modifications in the force measured. An analysis of the arching effect, to some extent similar to the elegant work of Loos, 20 is given in Appendix. Hence, practically speaking, the length of the contact line equals the circumference 2ðt1wÞ of the cross section of the suspended plate.
The derivation of the shape of a meniscus starts from the law of Laplace which states that the local pressure difference DP across the interface is described by DP5jc, where j is the local curvature. For liquid surfaces like in Figure 1 , which are only curved in one direction ("cylindrical shape"), the local curvature is given by j5R 21 , where R is the radius of the cylinder that locally fits the interface shape, and with the understanding that the higher pressure is at the convex side of the curved interface. Using the positional parameters f and v, and the local liquid surface orientation / as defined in Figure 1 , j is given by
After substituting Eq. 3 in the Laplace equation, taking for DP the hydrostatic pressure difference and using tan u52dv=df, we arrive at:
By integrating this equation from far away from the plate to any position at the meniscus, a relationship can be obtained between the local relative liquid surface height f and the local liquid surface orientation /, reading
Note that this equation holds for any local liquid surface orientation / between 2908 and 12708. Positive and negative values of the scaled height parameter f= 2c=q L g ð Þ 1=2 correspond to / < 908 and / > 908, respectively, as shown in Figure 2 . Equation 5 can also be applied to a meniscus orientation / c at the contact line between the meniscus and any face of the plate. For this purpose it is convenient to define the orientation w of this face, in analogy to the definition of /, as the angle between this face and the vertical direction. In this way, the value of / c 5w1h can be related to the meniscus height as
where f c;w is the meniscus height at a face with orientation w.
For convenience we will use the short notation f c 5f c;w50 The meniscus length scaling parameter in Eq. 6, 2c=q L g ð Þ 1=2 , is characteristic for the extension of the meniscus, both for its height and for its horizontal extension away from the contact line. As an example, at 208C we have f c 5 3.8 and 2.3 mm for this length scaling parameter in the cases of water and pentane, respectively, these values being identical to the meniscus heights of these liquids at a perfectly wetted vertical plate (h 5 08).
Meniscus pinning at top and bottom of an immersed vertical plate
After having described the meniscus at the side face of a vertical plate, we will now describe the meniscus pinning at the top or the base of that plate. First the surface tension force and thereafter the buoyancy force for the process of immersing a plate will be considered, from no contact to immersing to a depth d, by raising the liquid level. When the bottom face of a plate touches the liquid at d 5 0 for wetting conditions ( Figure  3 , left), a contact line with height f c and contact angle h is formed immediately at any side face. The corresponding surface tension component in the vertical direction ccos h is, according to Eq. 2, directly measurable. No pinning occurs and for any d > 0, the contact line will rise along the side faces with a constant value of ccos h and with a buoyancy component linearly increasing with d. In the nonwetting case (Figure 3 and the meniscus height to change from zero to f c . This causes a gradual increase of the magnitudes of both the surface tension and the buoyancy components. Once / c 5h at a meniscus height of f c , the contact line is unpinned and the contact line will rise over the side faces as in the wetting case. On further immersion, the wetting force remains constant and the buoyancy force increases linearly with immersion depth. When the immersion depth d equals the plate height h, the contact line arrives at the top edges where the meniscus will pin, both for the wetting and nonwetting cases, as depicted in Figure 3 .
When increasing d further while being pinned at a top edge, the angle / c for the liquid orientation at the contact line changes from the value h to the value h190 , a value matching with the contact angle at the top face. At that moment the contact line is released ("unpinned") from the top edge and moves quickly over the top face until it meets the contact line coming from the other side face. The transition of / c from h to h190 during pinning is gradual rather than instantaneous due to the fact that the edge is not infinitely sharp but has a small radius, which can be approximated by a cylindrical surface. On increasing d, the contact line gradually moves tangentially over this cylindrical surface to obey both Eq. 6 and / c 5h. This process affects both the surface tension term and the buoyancy term in the vertical force expression, Eq. 2. Its effect on the surface tension component is through the cosine factor for the (local) contact angle; the scaled surface tension force is plotted as a function of the scaled liquid height in Figure 4. This result for pinning at the edges of the top face is also applicable to pinning at the edges of the bottom face.
As a summary of the different surface tension induced pinning effects, we discuss as an example Figure 5 in which the vertical surface tension force as well as liquid surface orientation for a wetting situation (h 5 458) is plotted for the transition from an almost-fully to fully immersed plate, i.e., when z top of plate 2z liquid surface 5h2d changes from positive to negative values. As long as the meniscus moves along the side faces from point D to E in Figure 5 , the liquid surface orientation at the contact line is constant with / c 5h, as seen between points A and B. On further immersion, the contact line stays pinned while f c , w decreases to negative values. As a result, the meniscus orientation at the contact line / c increases from 458 at point B to 1358 at point C, on the graph taken from Figure  2 . This results in a decrease of the surface tension force, from point E to negative values, ending at point F on the graph taken from Figure 4 . This is the end of the pinning situation; when the plate is immersed infinitesimally further, the wetting at any position at the top face becomes instable and the contact line will run from the edge to the center of the top plate. No liquid surface interface is present anymore, as the gas phase is completely displaced from the top face (hence no thick red line is drawn beyond point C). Also the surface tension force vanishes, as indicated by the line GH.
Note that when the contact lines, running between F and G, meet each other, the recorded surface tension force vanishes at point G; the speed of this process may be affected by viscous and/or inertia effects. The scheme in Figure 5 is applicable to liquid detachment with any contact angle, both to pinning at the top edge in immersion and at the bottom edge in emersion. The dotted curves used to construct Figure 5 can also be used to describe the liquid attachment process (pinning at the Just as the surface tension force contribution during pinning is affected by a changing liquid surface orientation at the contact line, also the buoyancy force contribution in Eq. 2 is affected during pinning, through the immersion depth change. This buoyancy force contribution is discussed now. As long as the meniscus is at the vertical plate faces, the buoyancy is proportional to immersed depth (the difference in hydrostatic pressure between top and bottom faces). However, during pinning at, e.g., the top plate, the plate gets immersed deeper than h into the fluid (the top face is below the bulk liquid level). The meniscus height is now negative with a value of f c;w , resulting in a buoyancy related height of 2h1f c;w . A similar effect also occurs on emersion, where the plate base is slightly above the liquid surface level but still in contact with the liquid, resulting in a buoyancy related height of the positivevalued f c;w . In summary, for the buoyancy force we have: 
Evidently, the surface tension and buoyancy effects are interconnected. Specifically, the transition from d to e in Eq. 7 corresponds to the transition FG in Figure 5 . The total vertical force that the liquid exerts on the Wilhelmy plate is the sum of the surface tension and buoyancy forces detailed here.
The meniscus and its pinning for Wilhelmy plate with holes
Now, we turn to the effect of more complex pinning structures. As a model structure, we will consider a horizontal, rectangular channel (a "hole") in a plate, of which the orientation is along the Cartesian axes. Such a structure is indicated in Figure 6 , together with how the geometrical features will be denoted. The front and back faces of the plate are simply denoted as plate faces. Figure 7 shows how the wetting process from the side face of the hole to the top face of the hole, as compared with that of the plate face. When the liquid level is at the lowest level indicated (curves 1 and 1 0 ), the wetting and the forces involved are adequately described by the rules discussed before for a plate, with the understanding that the length of the contact line should be adjusted from 2(w1t) to 4(b1t) while the buoyancy force should be based on a cross-sectional area 2bt rather than on wt. However, once the contact line has risen to the top of a hole (curves 2 and 2 0 ), it arrives also at the top edge of a side face of the hole, which, as we suppose, is a cylindrical surface, like we introduced before to describe the microscopic geometry of a 908 edge. In this case, the cylindrical 908 edge forces the liquid surface to locally bend more than required by the law of Laplace. The resulting local distortion of the pressure The contact line meets the front or back edge of the top face of the hole where it can realize again the equilibrium contact angle (curve 6); further immersing is depicted by curves 7 and 7 0 . During the running of the contact line, the buoyancy component of the vertical force as probed on the plate changes abruptly, because the hydrostatic pressure at the top face of the hole, initially being atmospheric, is lowered instantaneously by qgf c (see Figure 7) . On further immersion, from curve 6 to 7, this special buoyancy force qgf c gradually disappears: at curve 7, the top of the hole is flush with the bulk liquid surface. For the vertical surface tension force the change at the top face of the hole (between curves 2 and 6 in Figure 7) is only due to a sudden change of the length of the contact line; the orientation angle at contact is not changed (if we approximate the corners connected to curves 2 and 6 as being infinitely sharp).
The thinness of the plate makes that the arching at the front face will lower the meniscus height at the side edge of the hole by more than 40% as argued in Meniscus Shape at a Side Face of a Partially Immersed Vertical Plate. This very limited width of the side face of the hole will presumably also make the meniscus height at the side face of the hole stay very close to the meniscus height at its edges, because this width is much less than the meniscus length scale 2c=q L g ð Þ 1=2 , as also discussed there.
In Figure 8 , the calculated force on immersion of the hole geometry depicted in Figure 6 into a wetting liquid is given. To make the graph as clear as possible, from the total vertical force we removed the contributions from the "standard" buoyancy (the buoyancy in the hypothetical case of no surface tension effects; for a plate without holes it is given by Eq. 7c. Thus, the force in Figure 8 is the sum of the surface tension force and nonstandard buoyancy force contributions ("special buoyancy force"). Starting at an immersion depth 0, where the liquid is flush with the bottom face, the surface tension force for the wetting length 2(w1t) is recorded. At immersion depth b e 2f c , the liquid is pinned to the bottom hole edge, and this pinning continues until an immersion depth b e 2f c;90 8 . Then the liquid runs over the bottom surface of the hole and the surface tension force for a wetting length 4(b1t) is recorded. At an immersion depth t e 2f c , the liquid wets the top edge of the hole as indicated in Figure 7 , with a surface tension force of 2cðw1tÞ, and a special buoyancy force qgf c t w2b ð Þ ½ , which decreases to 0 at immersion depth t e .
Experimental
The fluids used for measurements and their properties are given in Table 1 . Structured PMMA plates were made from a PMMA sheet of 0.5 mm thick. The pattern with holes A, B, and C as depicted in Figure 9 , including the circumference of the plate, was created using a CO2 laser at low fluency. Geometries of the patterns were measured using a digital caliper (Mitutoyo 500-160-20, Japan) and found to vary less than 0.1 mm from plate to plate.
To check to what extent the local melting of the PMMA plate by laser cutting changes shapes, the topography of the edges of the holes was determined using interferometry (WykoNT1100, USA). Small local "bulges" along the cutting line were noticed. An example is shown in Figure 10 indicating a 27 lm height step over 225 lm length, resulting in an average slope of 78 and thus a similar apparent contact angle deviation.
Structured glass plates were made of a glass plate of 1.1 mm thick using the same cutting equipment and procedure. Here no slope due to a bulge was present; instead small cracks and chips broken out of the edges were detected, shown in Figure 11 with a length of about 0.3 mm. The PMMA plates were cleaned by submerging them into a 5 wt % aqueous solution of Extran MA02 and placing the beaker glass in an ultrasonic bath (Branson 5120, USA) for 5 min. Thereafter the samples were rinsed with water and submerged in a beaker with water placed in the same ultrasonic bath for 5 min. Finally, the substrates were dried in vertical orientation at room temperature. The glass plates were cleaned by manual rubbing with a 5 wt % solution of Teepol 610 liquid soap and thereafter rinsed with water. The substrates were submerged into a beaker with water placed in the ultrasonic bath (Branson 5120, USA) for 5 min and rinsed again with water. This process was repeated two times and thereafter the substrates were dried at 508C and treated with an oxygen plasma at 0.132 atm for 2 min at 300 Watt (Tepla, Germany).
A
of immersion depth. Measurement recording was started when a change in force larger than 0.4 mN was measured. The immersion speed for the measurements was set at 0.1 mm/s at a measurement frequency of 50 Hz, leading to a 2 lm positional resolution. The measurements with DEG were performed at 0.05 mm/s.
Except near horizontal edges, the "raw" total force measured varied linearly with immersion depth, both for full plates and for plates with holes. This linear increase was interpreted as being solely due to the standard buoyancy; it matches with the geometrical data of the plate and was subtracted from the raw force data, leading to the total force corrected for standard buoyancy. This buoyancy correction also represents the "displaced" liquid which, in turn, leads to a rise of the bulk liquid surface in the 66 mm diameter liquid container. This means that the true immersion depth is by a factor 1.0080 (system 1) or 1.0037 (systems 2, 3, and 4) larger than the immersion as obtained from the equipment readings. It are the true immersion depth values that will be used throughout this article. Note that a small change in bulk liquid level also occurs already before the immersion has preceded to any extent. Just when a wetting liquid starts touching the plate, the instantaneous meniscus formation lowers the bulk liquid level. Calculations show that this instantaneous lowering is never more than 76 um, a value below any inaccuracy estimate quoted for f values. The corresponding change in buoyancy force is never more than 10 lN, which is at or below the noise level of the equipment. Thus, this effect is not taken into account.
Results and Discussion
Force curves as a function of immersion in or emersion from the liquids listed in Table 1 were obtained for the structured PMMA or glass plates and corrected for the standard buoyancy, as specified in Theory. Each of the immersion force curves will be analyzed for the "standard" wetting and pinning parameters as specified in Figure 8 . Thereafter, emersion force curves will be discussed. Finally, a number of special effects observed will be discussed. 
Wetting of glass during immersion
In Figure 12 , the measured immersion force curve of a glass plate in decane ("experiment type" 2 in Table 2 ) is shown, together with the predicted curve as based on the theory discussed. The grey areas indicate the positions of holes A, B, and C. Force features at these locations are denoted by the hole label followed by a Roman number. A depth position in immersion or emersion will simply be denoted by depth, with an estimated accuracy of 0.1 mm.
On immersion, the measured force on the plate changed at the moment the plate touched the liquid surface. As soon as the force was larger than 0.4 mN, force recording started and within 0.06 s wetting progressed toward the steady-state wetting at the side faces of the plate. An advancing contact angle of 14.58 was derived from the average force signal of 1.18 mN over the piece of plate below hole A, with an accuracy of 618 as determined by three times the standard deviation in measured force (row 3, column 3 of Table 2 ). In a similar way, an averaged contact angle was derived for hole A (in column 4). Analogously, this was done for holes B and C and for parts of full plate width below them (rows 4 and 5). The contact angle data for any part of full plate width below a hole show that the contact angle of the full plate has a high uniformity. For any hole in glass, the obtained contact angle is smaller than for the full width piece of glass below it, indicating better wetting. This improved wetting is due to the rough cut side faces of the hole as shown in Figure 11 . In this configuration, the effect of roughness on the contact line is more accurately described by McCarthy 22 using a lowered activation energy barrier for movement of the contact line, than by increased surface contact area as described by Wenzel 23 for homogeneous areas. For hole A this effect is larger than for holes B and C, as hole A > B > C.
Pinning at the bottom edge of the hole, denoted with A-I in Figure 12 , occurs at a liquid level of 5.3 mm, 2.7 mm below the bottom edge of the hole (see column 5 of Table 2 ), which is of the order of f c . The discrepancy between the calculated f c of 2.2 mm in brackets, in the same cell of the Table (using Eq. 6) and the measured f c is due to chipping of glass as shown in Figure 11 , which locally shifts the bottom edge of the hole downwards, so that the pinning force is noticed earlier. Pinning at the bottom edge of the hole, indicated with A-II also stops earlier than expected due to the chipping damage, as the bottom face of the hole is roughened over the full area, and as a consequence has a higher wettability. Wetting already occurs at an immersion position of 8 mm, corresponding to a local effective contact angle of 08. As a consequence, the maximum pinning force measured is much lower than the expected value; both values are tabulated in column 6 of Table 2 .
Wetting of the top edge of the hole, denoted with A-III, occurred at a liquid level of 1.8 mm below the top face of the hole at t e . The zeroth-order prediction of this parameter z c , based on the measured contact angle, is that such wetting occurs at z c 5 2.8 mm below the top face. The roughness of the cut surface would even lead to somewhat larger values. However, in The Meniscus and Its Pinning for Wilhelmy Plate with Holes it was explained that arching causes the contact line at the side edges and faces of the hole to have a reduction in the height difference with the liquid level of at least 40%. A 40% arching of 2.8 mm would lead to 1.7 mm, thus, the value of 1.8 mm obtained experimentally perfectly matches with the theoretical expectations, taking the mentioned uncertainties into account. Both height values are given in column 7 of Table 2 . The average contact angles on emersion are given in Figure 11 . Chipping damage on the edge of a glass plate, leading to roughness of the bottom and side faces of the hole. 
Wetting of PMMA during immersion
The main characteristics of the immersion of PMMA in water, data for experiment type 2 in Table 2 , were deduced from the graph in Figure 13 . As before, the hole positions are indicated in grey, and the force features are indicated by the hole label, followed by a Roman number.
Near immersion depth 0, effect A-0 is visible: Directly on contact, a 0.3 mN positive force is observed, as if the contact angle is smaller than 908 instead of the plate contact angle of 93.48. Then 1.8 mN pinning force at the base edge of the plate is measured, instead of the 0.2 mN pinning force based on the contact angle of 93.48. The f c value measured is 1.4 mm, and the / c that corresponds with this value and the measured pinning force of 21.8 mN is 1088 6 48. The difference between / c and h corresponds with a maximum angle of 128 in the bulge profile as given in Figure 10 . In Figure 14 , the effect of this bulge on the liquid orientation at the bottom edge during immersion is schematically given by lines 1 to 7, while liquid orientation without bulge is indicated by line 1 0 to 7 0 . Lines 1 to 3 in Figure 14 show the small positive wetting effect, due to running of the meniscus over the bulge surface until equilibrium is reached in liquid position 4, after which line 4-7 show the additional pinning effect due to other side of the bulge. Note that the distance between lines 1 and 4 is only 0.1 mm in reality, and the distance between lines 4 and 7 is 0.3 mm, as shown in Figure 10 .
At immersion position 7.0 mm, effect A-I is visible: a gradual increase of measured force, followed by a small, sharp "peak" of about 0.3 mm wide, before f c ðb e Þ is reached at an immersion depth of 8.0 mm. The sharp "peak" of 0.3 mm can be easily explained by the bulge, which first lowers and then increases / c over a distance of 0.3 mm. The gradual force increase before the actual bulge suggests a lower contact angle. The hypothesis is that the laser process induces oxidation of the PMMA in a zone wider than the molten bulge area, which leads to a more polar character of the PMMA. This more polar surface results in a locally lower contact angle of water, and thus an increase in the measured force. The contact angle is at most lowered by 5-108, judged by the smaller than 0.3 mN increase in force measured. The effect for decane is not observed, as decane has no polar interactions with the surface at all, so a change in polarity has no effect. The measurement method developed allows to record these plate property changes, in contrast to optical measurements.
The end position of pinning, denoted with A-II, is at position 11.7 mm in Figure 13 , which is of the order of f c near the Figure 13 . Nonwetting force as a function of immersion depth for a PMMA plate with holes into water. Table 2 ) has a deviation of 0.4 mm to the predicted value. This deviation can, for 0.2 mm, be explained by contact angle lowering to about 858, and for 0.1 mm by to the macroscopically rounded edge between side and top face of the hole, as indicated by the surface between line 2 and 3 in Figure  15 , where the locally rounded surface pulls the meniscus to the top surface. This effect is immediately followed by effect A-IV, due to the bulge present at the top edge of the hole, which results in extra pinning as indicated by lines 4-7 in Figure 14 . The magnitude of the effect is smaller because the top edge of hole A is narrower than the base edge of the plate.
These special wetting features observed on the PMMA plate due to the bulge and oxidation also explain the larger deviations in the "standard" wetting effects and pinning data of experiment types 3 and 4, in which no additional features were observed. For experiment type 3, the large deviation in the f c value can be explained by the fact that no force was recorded in the first 0.7 mm of immersion, as it was below 0.4 mN due to the combination of fluid, contact angle and bulge. For experiment type 4, only the pinning values are lower than predicted as the bulge locally lowers the contact angle to almost zero, just as the roughness in experiment type 1.
Two separate series of glass in water immersion tests were carried out to check that our immersion and emersion experiments were indeed carried out under the targeted quasi-static contact angle conditions. This combination was selected from the system components employed because glass can more rigorously be cleaned and because adsorption of traces of surface active species to the liquid surface is expected to be most pronounced for water. In both series, a plate was for five times sequentially moved in and out of the liquid. In the first series, cleaning procedures were employed as described in Experimental. At an immersion speed of 0.3 mm/s and below (down to 0.001 mm/s) no speed dependence in the force vs. immersion depth was found; the contact angle was 598. At 1 mm/s the contact angle had risen to 638 while the peak height of the pinning force was not significantly higher; however, the peak width increased as can be seen in Figure 16 . For the second series, a special cleaning procedure was followed. The glass plate and the liquid container were plasma treated prior to immersion in Millipore Q water. The plasma treatment brought the contact angle down to a quasi-static contact angle of 308 for all speeds of 1 mm/s and below. At 3 mm/ s the contact had risen to 358. From these experiments can be concluded that the tests with decane and water (experiment types 1, 2, and 4) were indeed carried out under quasi-static conditions, while, using scaling arguments based on the capillary number Ca 5 speed * viscosity/surface tension, the tests with DEG were near the edge of the quasi-static regime. 24 
Dewetting during emersion
Dewetting effects during emersion can also be observed and quantified using the measurement method developed. The values of receding contact angle and f c;290 8 are given in column 8 and 9 of Table 2 . An example is shown in Figure 17 , with the force curve of experiment type 2, section A, where a receding contact angle of 49. 3 was measured. The shape of the measured force curve corresponds nicely with the expected curve, the deviations are indicated with E, followed by a Roman number.
Between the emersion position 16 mm (t e ) and position t e 2f c , the contact line moves over the side faces of the plate, thus the contact angle stays constant and only an increase in the Archimedes force is noticed. The depth t e 2f c is defined by the local contact angle; for a contact angle of 498 it should be 14.1 mm, but as the local orientation of the liquid surface at contact is increased to 618, due to the bulge surface orientation and especially its modified wetting, the actual value of t e 2f c is 14.7 mm. This discrepancy is indicated by E-I. The liquid detaches from the top face of the hole already at position 11.7 mm instead of 11 mm, indicated by E-II, which is also due to the bulge. Often, dewetting occurred a few mm's later. In such cases, a meta-stable film of fluid was observed, as shown in Figure 18 . Such a film was typical for holes B and C, while for hole A it usually collapsed earlier. This indicates that the stability of the film of fluid is related to the width of the hole. Meta stable films, as seen with water and DEG in holes B and C, were not observed with decane.
Dewetting from the bottom edge of the hole during emersion, near depth position 6 mm as marked with E-III, does also not occur as abruptly as predicted. The other fluids show similar dewetting curves with effects as described above.
Two series of additional tests with variation of emersion speed were conducted to better establish the observations on this metastable film formation. The series of tests are the same glass in water tests as described at the end of Wetting of PMMA During Immersion. In both series the receding angle was always 08, which corresponds to a predicted maximum for a stable film height of 5.42 mm. At such condition, the minimum plate thickness required for avoiding that the two film surfaces press against each other is 2.88 mm as can be seen in Figure 19 where the shape of the film suspended from a perfectly wetted horizontal plane is shown. This requirement is clearly not fulfilled with our glass plate of 1.1 mm thickness. In Table 3 , the ranges of film heights at rupture (i.e., the minimum and maximum values of five tests) are shown for a range of emersion speeds. The most typical feature is that film rupture heights at any condition show a fairly large range, of which the minimum heights under quasi-static speed conditions are close to the calculated stable height of 5.42 mm (although the plate thickness is too low). With higher speed, the contact angle is not expected to deviate from zero; nevertheless the minimum height increases gradually, but the range increases much more. With the regularly cleaned system the maximum range values are systematically larger than those for the plasma-cleaned system. This suggests that the surface and/ or the liquid is more pure in the latter case. The difference between both series is not pronounced at the speed at which most of the tests in this article were conducted, giving confidence that our tests were not invalidated by surface pollution. Demonstrating whether thin and thick plates have similar minimum rupture heights because the disjoining pressure in the flat part of the film at a thin plate compensates for the local lack in Laplace pressure difference and establishing what determines the width of rupture height ranges goes beyond the scope of this article.
Conclusions
A novel method to investigate wetting and pinning phenomena on edges normal to the flow direction is described and tested. With this method accurate measurements of pinning force, pinning position and contact angle can be performed in the same measurement. A rather large advantage is that emersion pinning processes can be studied with the same method, in contrast with the optical techniques currently used.
The experimental work was complemented with a theoretical description of the pinning forces in the wetting and dewetting processes. Also the effect of arching on pinning phenomena is discussed and experimentally retrieved. In most aspects, theoretical predictions match well with experimental findings. Deviations found were due to artefacts generated in sample shaping procedures and could be explained semiquantitatively. Most tests were conducted under quasi-static conditions; a limited number of higher speed tests indicate what can be expected at higher speeds. In particular, metastable films appeared in the emersion process, with a pronounced stochastic rupture mechanism leading to a larger spread in rupture heights at higher speeds.
A benefit of the measurement method is that it can provide extra information about the liquid wetting behavior on substrate imperfections; obtaining such information with other methods can be a great challenge. The empirically known effects of locally lower or higher contact angle on liquid flow could be visualized well. Also the effects of local surface roughness and locally increased surface polarity could be measured semiquantitatively with the methodology used.
We conclude that this methodology can be used to further advance the knowledge on fluid behavior on macroscopic scale structured substrates, also with more complex fluids than used in this study.
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line bends downward for wetting conditions (or upward for h > 908). For concave corners like for a cuboic, Fowkes and Hood 17 summarized approximated solutions for the local lowering of the vertical position of the contact line of a wetting liquid at the corner, which they called "arching." Scott et al. 18 evaluated this arching numerically for the 908 corner between the side faces of a rectangular cuboic aligned along the Cartesian coordinates. From their results it can be concluded that the arching reduces the absolute value of f c at a side face by approximately 40% (this value changes gradually from 44% at 18 to 34% at a contact angle of 758), both for wetting and for nonwetting cases.
We will, to some extent similar to the analysis of Loos, 20 investigate the effect of arching on the vertical surface tension force, by examining what happens to this force when the horizontal, "undisturbed" contact lines EF and FG (dotted blue lines) at a side faces of the partly submerged cuboic in Figure  A1 are deformed into the curved contact lines (solid blue) due to arching at the corners. Note that a Wilhelmi plate can be seen as a thin cuboic, for which the arching will much more than 40%. Suppose that, due to arching, the piece dx of a contact line if arching were absent is deformed into a piece ds as shown in Figure A1 . The surface tension induces a force at the side face of the cuboic, of magnitude cds5cdx=cos b normal to the contact line, and within the liquid surface, of which the angle it makes with the side face is equal to the contact angle h. This force is represented by vector AC which is in the plane defined by ABCH, this plane being normal to the local contact line direction, thus also normal to the side face of the cuboic. When decomposing this force into forces AB 5 ccos hdx=cos b and BC, it is clear that BC does not contain any vertical force component. The vertical component AD of the force AB is both in the surface of the cuboic and in plane ADKH. It is found on multiplying AB by cos b, thus the vertical component of the surface tension force acting on ds is ccos hdx, a value which is exactly the same as if arching were absent, in which case the corresponding surface force would act on dx.
When we approximate a vertical edge, i.e., the shape of the connection between two neighboring vertical faces of the cuboic by a series of little segments of vertical cylindrical surfaces, the contact line along such edge can be seen as the sum of infinitesimal straight-line pieces ds. For any of such ds the same analysis as given before applies, thus again, the vertical force for any ds is given by the corresponding ccos hdx. Thus, the total vertical surface tension force on a vertically suspended plate is given by multiplying ccos h by the horizontal circumference of the plate, for which the corresponding mathematical value 2(t1w) is often a good approximation.
Corner effects have in the past been suspected 25 as sources of deviation from Eq. 2, even after Laplace's conclusion that such deviation is not predicted. 14 The simple qualitative argument comes from looking at the weight of the liquid in the meniscus (which directly corresponds to the surface tension) around the corner: one might expect it to be larger than that of the meniscus weight along a flat plate, because of the stretching of the meniscus around the corner. However, the arching lowers the local meniscus height at a corner, just compensating for the effect of stretching on the meniscus weight. An detailed evaluation of the meniscus volume at a corner based on its shape requires numerical analysis 18, 20 while in this Appendix an alternative, straightforward route is presented, by looking at the contact line force. The contact line force, together with the pressure force at the base of the plate (buoyancy), are the only vertical forces that the liquid can transmit to the plate. The latter one is proportional to the immersion depth and to the base area of the plate. As both parameters are independent of the meniscus shape, the buoyancy force is not affected by corner effects at vertical edges. In conclusion, the arching involved at vertical edges has no effect on the vertical surface tension and buoyancy forces of an immersed plate. Surface forces and its components, imposed on piece ds of contact line, are indicated by red dotted arrows.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
